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Abstract 
The removal of impurity elements from crude nickel by vacuum distillation was carried out at the 
temperature 1773K̚1973K and the pressure less than 10 Pa using crude nickel(ı99.9% )as raw 
materials. A series of results of the impurity elements were obtained under the experimental 
conditions aforementioned.The experimental values ȕi andȖio of the product were also calculted in 
this paper. The seperation of certain impurities from main element nickel was disscussed from the 
viewpoint of thermodynamics and alloy composition. Nickel (ı99.99%) was obtained and the 
purification and impurity removal from crude nickel by vacuum distillation method was feasible and 
determined. A China Patent on this new technology was also authorized. We consider that the 
vacuum distillation process of nickel can serve as a pretreatment step for the prepartion of high-
purity nickel, and can relieve the following purification of the electrolyte, so that the whole process 
of preparation of the high-purity nickel is simplified, energy consumption and environmental 
pollution are reduced. Therefore, the vacuum distillation process is a green metallurgical method. 
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1.  Introduction 
Nickel is widely used in metallurgy, chemical industry, petroleum, construction, machinery, light 
industry and other industries. Especially nickel-based alloy which is produced with high-purity nickel raw 
materials is the important material to manufacture the key parts of aircrafts, tanks, submarines, radars, 
nuclear reactors and aerospace fields [1-5]. Therefore, the refining process of the crude nickel is 
necessary. Nowadays most of the process to prepare high-purity nickel is adopted by electrolysis process, 
which is divided into nickel sulfide insoluble anode electrolysis and crude nickel soluble anode 
electrolysis. The acolyte in electrolytic process must be purified and recycled. The removal of impurities 
and multiple electrolysis process have been the focus of the scholars at home and abroad, and a number of 
papers [6-9] and patents [10-15] were also published. The method to remove impurities (cobalt, copper, 
iron, lead, zinc, cadmium, arsenic) by the use of alkyl phosphate as extracting agent was proposed and the 
cathodic nickel (ı99.99%) with the impurity content less than 0.01 was obtained in reference [7]. 
Various processes and technical progress of electrolyte purification were studied in other references. A 
Chinese patent (CN200410070648.2)[10] on the preparation of high-purity nickel involves the 
preparation of  high-purity nickel by hydrochloric acid aqueous solution electrowinning method, which is 
mainly according to the use of electrolyte(ı99.9%) as raw material. Another patent (CN200510071245.4) 
[11] on the preparation of high-purity nickel which is announced by Japan involves the efficient 
preparation of high-purity nickel (ı99.999%) from the raw materials with a lot of impurities in nickel. A 
patent (CN1742105) [13] announced by Japan INCO Nickel Co., Ltd. provides a production method of 
nickel metal, which includes the contact reaction between nickel oxide and reductive gas and the 
procedures to produce nickel metal from nickel. With this method, the sodium content in nickel metal can 
be controlled within 0.13wt%. These methods above-mentioned are the technologies based on chemistry 
and electrochemistry, which need higher technology and cost. Vacuum distillation as an effective 
purification method has been used in the preparation of high-purity bismuth [14] and the refining of the 
metallurgical grade silicon [15,16], etc. But the purification of crude nickel by vacuum distillation has not 
been reported. In this paper the purification of crude nickel by vacuum distillation was studied. 
2 Experimental 
2.1 Raw materials 
Composition of Nickel metal (9.99h105ppm) as raw material is listed in Table 1. 
Table 1 The composition of Nickel as raw material (ppm) 
Element Co Zn As Cd Sn Sb Pb Bi Al Mn Mg Ni 
Content 15 10 8 2 3 3 3 3 10 4 10 balance
2.2 Experimental method and procedures 
The experiment was carried out in a self-designed HZSL-18-type vacuum distillation furnace. The 
schematic representation of the experimental equipment was shown in Fig.1. The maximum degree of 
vacuum is up to 10-4 Pa and the maximum temperature is 2073K. 200 grams of crude nickel was refined 
in the vacuum furnace. Two parameters including the various temperatures and holding time were 
determined according to thermodynamic calculations. The samples were weighed accurately during the 
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experiment and put into the crucible, which was then placed into the vacuum furnace. The furnace was 
evacuated after sealing until the predetermined degree of vacuum was achieved. The furnace was heated 
to the predetermined temperature which was kept  for a period of time and then was cooled. Condensates 
and residues were recovered from condensation tank and crucible separately and were taken out. The best 
parameters were explored by testing the impurities in the condensates and residues. The element contents 
of the samples were tested by ELEMENT-GD ( ) produced by Thermo Scientific Company, which is Ċ
one of the most advanced equipment for testing the high-purity metals with its accuracy up to 10-9 (ppb). 
 
Fig. 1 The schematic representation of the vacuum distillation furnace 
3 Experimental results 
3.1 Analysis of experimental data and experimental results 
A number of repeated experiments were carried out above the melting point (1726K) of nickel to 
investigate the variation of the impurities in crude nickel under different conditions including temperature, 
distillation time and the degree of vacuum. Under the conditions that the degree of vacuum 1~5 Pa, 
holding time 2.5 h and the temperature 1773K, 1873K, 1973K respectively, the impurity contents were 
listed in Table 2. 
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Table 2 Impurities in crude nickel by vacuum distillation before and after distillation 
Impurity 
Element 
Co Zn As Cd Sn Sb Pb Bi Al Mn Mg 
Content Before  
Distillation/ppm 
15 10 8 2 3 3 3 3 10 4 10 
Content After 
Distillation/ppm 
           
ķ1773K 18.2 3.46 2.85 0.071 1.25 3.07 0.923 0.004 4.5 ~ 0.002
ĸ1873K 9.81 0.189 2.18 0.026 0.162 0.846 0.249 0.002 1.24 1.35 0.003
Ĺ. 8.74 0.193 0.603 0.001 0.063 0.175 0.063 0.017 ~ ~ 0.074
Seen from Table2, the contents of the impurity elements varied obviously under the conditions 
aforementioned. Because the temperature 1773K is close to the melting point of nickel, the distillation 
effect of the impurity elements was not very good. With the temperature increased, the content of most of 
impurities tended to be less apparently. Except that Co, As, Al content in nickel varied a little, the 
contents of other elements such as Zn, Cd, Sn, Sb, Pb, were reduced to 10-1, even to the 10-3 such as Mg 
and Bi. The results showed that the vacuum distillation can be used as part of pre-processing means to 
remove impurities effectively. Therefore, the elimination of impurities in the next process can be eased 
during the production of high-purity nickel. 
 
3.2 Calculation of the datas 
3.2.1 Saturated vapor pressure of metal elements  
In the process of vacuum distillation, the saturated vapor pressure (P0) of each metal element as the 
important thermodynamic factor has great impact on evaporation. According to the formula (1) and 
related thermodynamic data from reference[14], the saturated vapor pressures of each element under the 
experimental conditions were calculated and listed in Table 3.  
lgP = AT-1 + BlgT + C + D                                                                                                                (1) 
Table 3 The saturated vapor pressures of nickel and impurity elements at the experimental temperature 
Element (i) Ni Co Zn As Cd Sn 
P0(i) ˄Pa˅       
ķ1773K 0.815 1.03 4.51×106 2.96×108 1.11×107 40.99 
ĸ1873K 3.41 4.57 6.67×106 4.53×108 1.55×107 1.20×102 
Ĺ1973K 12.55 17.34 9.44×106 6.65×108 2.09×107 3.15×102 
P0(i)/ P0(Ni)       
ķ1773K -- 1.26 5.53×106 3.63×108 1.36×107 5.03×101 
ĸ1873K -- 1.34 1.96×106 1.33×108 4.55×106 3.52×101 
Ĺ1973K -- 1.38 7.52×105 5.30×107 1.67×106 2.51×101 
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Table 3 (Continued)  
Element(i) Sb Pb Bi Al Mn Mg 
P0(i) ˄Pa˅       
ķ1773K 6.74×104 2.36×104 3.28×104 9.06×101 2.31×103 1.19×106 
ĸ1873K 1.06×105 4.50×104 6.19×104 2.68×102 5.37×103 1.86×106 
Ĺ1973K 1.59×105 8.04×104 1.05×105 7.07×102 1.13×104 2.77×106 
P0(i)/ P0(Ni)       
ķ1773K 8.27×104 2.90×104 4.02×104 1.11×102 2.83×103 1.46×106 
ĸ1873K 3.11×104 1.32×104 1.82×104 7.86×101 1.57×103 5.45×105 
Ĺ1973K 1.27×104 6.41×103 8.37×103 5.63×101 9.00×102 2.21×105 
 
 
From the calculation results of the saturated vapor pressure of each element at experimental 
temperature in table 3, the saturated vapor pressure of nickel is the lowest, and the saturated vapor 
pressure of cobalt is very close to that of nickel. The ratio of the both is approximately equal to 1˄P0(i)/ 
P0(Ni)§1˅, which implies the evaporation property of cobalt is so similar with nickel that it’s hard to 
separate from each other. This calculated result is in accordance with the experimental result. While the 
saturated vapor pressure of other elements differ greatly from that of nickel˄P0(i)/ P0(Ni)˚˚1˅. It is 
feasible to separate some elements from nickel theoretically in terms of the saturated vapor pressure. But 
in practice some of the elements such as Cd, Sn, Bi, Al, Mn and Mg can be well separated from nickel, 
but the other elements As, Zn, Pb and Sb can’t be separated from nickel. It indicated that the separation 
was influenced by other properties such as the separation factor˄ȕi˅and the activity coefficient˄Ȗi˅, 
which is necessary to calculate. 
3.2.2 Calculation of the separation factor˄ȕi˅and the activity coefficient˄Ȗi˅ 
ȕi is a function of the ratio of the concentration of elements in the two phases, which is related to the 
activity coefficient and vapor pressures of the substances. The separation factor (ȕi) and the activity 
coefficient˄Ȗi˅are also the main criteria to determine the separation of impurity elements from the main 
metal during vacuum distillation. It is difficult to calculate the separation factor˄ȕi˅and the activity 
coefficient˄Ȗi˅due to the scarce of thermodynamic data. In order to fill the data of this field, the 
separation factor (ȕi) and the activity coefficient (Ȗi) under the experimental conditions were calculated 
according to the experimental results. With reference[14] given by the vacuum distillation of crude metals, 
the relationship (2) between the evaporation rate of a certain impurity elements (Yi) and the main 
elements (Ni) can be represented as 
Yi=100-100(1-XNi/l00) Įi                                                                                      (2) 
The evaporation coefficient of the impurity elements Įi can be calculated from the experimental results 
of the nickel vacuum distillation, and then by the use of the relational expression (3), the separation factor 
(ȕi) were determined at a certain temperature, in which Mi and MNi represents the atomic weight of 
impurity atom i and the main metal Ni respectively. When ȕi=1, the composition of i and Ni in vapor and 
liquid phase are the same, i cannot be separated from Ni. When ȕi >1, the composition A in vapor phase is 
more than in liquid phase, i can be separated from Ni; When ȕi <1, the composition A in liquid phase is 
more than in vapor phaseˈi can be separated from Ni. 
ȕi=Įi Nii MM                                                                                                                                                      (3) 
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  Then by the formula (4) 
  Ȗi=ȕiȖNiPNio /Pio                                                                                                                                              ˄4˅ 
  The activity coefficient˄Ȗi˅of the minor impurity in nickel metal was determined at a certain 
temperature. The calculated results were listed in Table 4. When calculating the activity coefficient Ȗi and 
nickel metal with the purity more than 99.9% as the raw material, the activity coefficient Ȗi of nickel can 
be considered to be approximately to be 1(ȖNi § 1) according to the reference[18] in which it is formulated 
that its ideal state follows Henry's law. 
Table 4 The separation factor˄ȕi˅and the activity coefficient˄Ȗi˅of the impurity elements in crude nickel 
Element(i) Co Zn As Cd Sn 
Separation Factor˄ȕi˅      
ķ1773K 1.0 12.92 1.43×102 6.91×102 1.90×102 
ĸ1873K 47.5 5.28×102 1.33×102 1.00×103 75.1 
Ĺ1973K 16.9 1.30×102 98.1 1.70×102 90.7 
Activity Coefficient˄Ȗi˅      
ķ1773K 0.79 2.56×10-6 3.93×10-7 5.06×10-5 3.77 
ĸ1873K 35.85 2.74×10-4 1.02×10-6 7.67×10-4 20.26 
Ĺ1973K 12.25 1.73×10-4 1.85×10-6 1.02×10-4 3.61 
 
Table 4 (condinued) 
Element(i) Sb Pb Bi Al Mn Mg 
Seperation Factor˄ȕi˅       
ķ1773K 1 4.47×102 2.47×103 39.6 -- 7.48×102
ĸ1873K 3.16×102 1.05×103 3.02×103 1.15×102 1.22×102 4.07×102
Ĺ1973K 1.75×102 1.65×102 5.45×102 -- -- 31.5 
Activity Coefficient
˄Ȗi˅ 
      
ķ1773K 1.21×10-5 1.55×10-2 6.12×10-2 3.56×10-
1 
-- 6.40×10-4
ĸ1873K 1.03×10-2 8.06×10-2 1.66×10-1 1.48 7.82×10-2 7.57×10-4
Ĺ1973K 1.38×10-2 2.88×10-2 6.06×10-2 -- -- 1.43×10-2
The separation factor (ȕi) of impurity elements in nickel metal under the experimental condition based 
on the experimental results, indicated that the separation factor of cobalt is approximately equal to 1(ȕ § 
1), so it is difficult to separate by vacuum distillation. Separation factors of other elements such as Zn, Pb, 
Cd, Sb, Bi, Mn, Mg are much more than 1, which implies these elements will transform into gas phase 
prior to metal nickel and separate from metal nickel effectively by vacuum distillation process.  
4 Discussions 
   According to the calculated results from Table 2, Table 3 and Table 4, it can be seen that: theoretically 
cobalt is the only metal which is difficult to separate from nickel based on the ratio of the vapor pressure, 
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which also has been confirmed by the experiment. From the Co-Ni binary system phase diagram (Fig. 2) 
it also can be seen that there is no apparent mesophase between cobalt and nickel [19]. In addition, th 
similar properties such as the melting point, boiling point, atomic weight, density, ionization potential, 
potential, and with magnetism, as well as strong interactions between atoms of metals may result in the 
difficult separation of cobalt and nickel by vacuum distillation. 
 
Temperature/        w/%                       ć                            Temperature/      ć     w/% 
      
Co                          x/%                        Ni                 Al                            x/%                        Ni 
Fig. 2 Co-Ni binary system phase diagram[20]                         Fig.3 Al-Ni binary system phase diagram[20] 
 
The calculated ȕi of Al, Sn and As from Table 4 were all close to 100 at the temperature of 1873K and 
1973K, but these metals were not completely removed. It can be seen from the Al - Ni, Ni-Sn, Ni-As 
binary system according to Fig.3, Fig.4 and Fig.5. that many kinds of complicated mesophase are formed 
between Ni and Al, Sn and As. Because of the interaction of the metal bond, it needs much energy to 
break the metal bond between the mesophases firstly and overcome the interaction force during the 
process of vacuum distillation. Then the impurity elements can be evaporated and separated from nickel, 
which increased the difficulty in vacuum distillation. 
 
  Temperature/     ć         w/%                                   Temperature/       ć      w/% 
                                 
  Ni                     x/%                      Sn                               Ni                    x/%                    As 
Fig.4 Ni-Sn binary system phase diagram[20]                    Fig.5 Ni-As binary system phase diagram[20]
 
  The calculated results of other impurity elements such as Zn, Pb, Cd, Sb, Bi, Mn, Mg, etc. coincide with 
the experimental results. Its contents met the 0# nickel(99.99%) national standards and the impurity 
elements such as Bi, Mg and Cd also met the requirements of the high-purity nickel (99.999%) and 
vacuum distillation had a good effect on separation of impurity elements from the main metal nickel. 
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   The analysis aforementioned indicated that the content of the impurities including Cd, Zn, Mg, Bi, Pb, 
Sb, Mn, Mg was reduced remarkably with its evaporation rate more than 95% and the evaporation rate of 
Co, As, Sn, Al was within 30% to 90% after the distillation of nickel (99.9%) under the conditions of the 
temperature higher than 1873K, the vacuum degree of 1~5Pa, the holding time of 2.5h. The content of all 
the impurities met the 0# nickel(99.99%) national standards. With its whole process, vacuum distillation 
can play a significant role in the production of high-purity nickel as a means of pretreatment. With its 
whole process, vacuum distillation can play a significant role in the production of high-purity nickel as a 
means of pretreatment, thus a China patent has been applied for and authorized(ZL 200910094518.5)[21]. 
5 Conclusions 
  According to the experiment and related calculation, the conclusion can be drawn as follows: 
1. The experimental results of the purification of crude nickel by vacuum distillation showed that 
the content of the impurities can be reduced effectively. The content of the impurities after 
distillation can meet the 0# nickel (ı99.99%) national standards, and some of that can meet the 
requirements of the high-purity nickel (ı99.999%).  
2. Based on the experimental results, the separation factor˄ȕi˅and the activity coefficient˄Ȗi˅of 
each impurity were calculated to fill the gaps of the thermodynamic data. 
3. The impurity elements can be divided into two categories. One is the separation factor ȕ  less than 
1 (ȕ<1) including Co, Sn, Al, As, which means the vacuum distillation can play a certain but not 
complete role in the separation of these elements. Another is the separation factor ȕ much more 
than 1(ȕ>> 1) which includes Zn, Pb, Cd, Sb, Bi, Mn, Mg and other elements, which means the 
results of the separation of these elements by vacuum distillation will be better. The calculated 
results are in accordance with the experimental results. 
4. We consider that the vacuum distillation process of nickel can serve as a pretreatment step for the 
prepartion of high-purity nickel, and can relieve the following purification of the electrolyte, so 
that the whole process of preparation of the high-purity nickel is simplified, energy consumption 
and environmental pollution are reduced. Therefore, the vacuum distillation process is a green 
metallurgical method. 
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